Abstract There have been a number of studies which deal with either toxic or non-toxic nature of superparamagnetic iron oxide nanoparticles (SPIONs); however, there is no clear cut information about their exact behavior and the reasons for its dual action.
Introduction
In recent years, the increased awareness of superparamagnetic iron oxide nanoparticles (SPIONs) are due to their interesting physico-chemical properties and unique magnetic behavior, having made them to be potential in the current biomedical and bioengineering applications as probes for imaging-based disease diagnosis, hyperthermiabased cancer therapy, targeted drug delivery, cell sorting, tissue repair, and also as biomaterial scaffolds [1, 2] . Since the properties of iron oxide nanoparticles (NPs) are mostly surface dependent, and there are a number of ways by which changing the size, shape, or surface chemistry can bring about concomitant changes in their physico-chemical and biological properties. The commonly available methods for the surface modification of SPIONs such as the biomolecule conjugation, stabilization by organic surfactants, polymeric encapsulation, inorganic core-shell formation, and biofabrication are employed in order to safe upper limit the uses of SPIONs for in vivo applications with increased biocompatibility [2] . Also in some studies, the delivering agents such as poly(ethylene glycol) [3] , dendrimers [4] , HIVderived TAT protein [5] , dimercaptosuccinic acid [6] , etc. are employed to optimize the delivery of SPIONs into cells by endocytosis. For in vivo applications, the selection of a specific coating type or derivatization of SPIONs should be made only on the basis of the nature of end use, as the properly sequestered iron oxide or its complexes can significantly enhance its role in biomedical field. Despite the enormous applications of ligand-protected SPIONs, the toxicity originating from the surface of naked SPIONs are concerning their use for a majority of biological applications in vivo [7] . Since vast quantities of engineered iron oxide nanomaterials are released into the human environment due to the emerging applications of NPs-based technology in everyday life and more chances are that the released NPs may come into contact with lungs, liver, cardiac, and blood by means of air or water pollution and can initiate short-/long-term toxicological effects. Also, the low soluble nature of iron oxide persisting them in the biological moieties especially in liver, lung, or heart and therefore it is very important to thoroughly investigate the intracellular effects of nanosized iron oxide on normal cell behavior [8] .
In general, iron oxide exists in several phases with different oxidation states and structures that includes Fe 0 , FeO (wüs-tite), Fe 3 O 4 (magnetite), c-Fe 2 O 3 (maghemite), a-Fe 2 O 3 (hematite), and FeOOH (oxyhydroxide). Among all, magnetite and maghemite are the most abundant and stable forms of iron and both exhibits superparamagnetism (magnetization values falls in between ferro and paramagnetism) when falls within a nanosize range (\15 nm). The two different oxidation states of 2? and 3? are exhibited by Fe in magnetite, while the Fe in maghemite has only one oxidation state of 3? [9, 10] . For a majority of biomedical applications where the magnetic properties as well as electron rich surfaces are required, magnetite is preferred most due to the presence of Fe 2? state as it has a potential to further act as an electron donor. In addition, the magnetite form is relatively stable in biological environment while the other forms such as maghemite and hematite are prone to induce free radicaldependent oxidative stress and resulting cell viability losses on various cell types due to the presence of more electron deficient Fe 3? [6, 11, 12] . The toxicity effects from iron oxide are mostly due to the catalytic property developed at the nanoscale and the cell lines tested includes the Caco-2 intestinal cells [12] , J774 macrophage cells [7] , pheochromocytoma PC12M cells [6] , HL-7702 hepatocyte cells [13] , A549 lung epithelial cells [14] , cardiac microvascular endothelial cells [15] , etc. It was observed in a recent study that the free radical production (O 2 Á 2 , OHÁ) in the biological environment is mostly caused due to the catalytic reactions occurring at the surface of iron oxide NPs, but not due to the dissolved metal ions. In addition, the catalytic centers on the surface of iron oxide NPs possess at least 50-fold more effective in OHÁ radical production than the corresponding dissolved Fe 3? ions [11] . This indicates that the protection of iron oxide NP's surface from involving catalytic reactions either directly with the cells intracellular components or indirectly with biological media can prevent the cells undergoing free radical-induced oxidative stress. Also, the normal cells under physiological conditions continuously produce the reactive oxygen species (ROS) by metabolic pathways, which are effectively neutralized by the intracellular antioxidants like glutathione and other specific enzymes. However, the increased toxicity of ROS-induced oxidative stress by exposure to iron-based materials is due to the interruption of ROS-antioxidant balance through Fenton and/or Haber-Weiss cycle [11, 16] . Therefore, by the incorporation of suitable ligands with antioxidant property onto the surface of iron oxide NPs can protect iron from mediating catalytic reactions (Fenton) and at the same time, the surface ligand serves also as a free radical scavenger to neutralize the ROS formed by any other means.
In the present study, we aim to investigate and compare the cellular function and toxicological effects of SPIONs having no ligands with that of SPIONs possessing variable surface chemistry. The dose-and time-dependent toxic potential, as well as the role of oxidative stress in the development of Feinduced toxicity were measured using the in vitro cell culture system. The four different SPIONs with varying surface ligands were tested against the H9c2 cardiomyoblast cell line and the reason for choosing this cell type is because of the increasing number of patients suffering from cardiac diseases (atherosclerosis) originating in one way by means of exposure to metal oxide present in pollution [17] . Moreover to the best of author's knowledge, this is the first report dealing with the cardiotoxic effects of iron oxide NPs, as we proposed the free radical-mediated myocyte damage mechanism to explain the cardiotoxicity by SPIONs. The four SPIONs with change of surface chemistry includes: (1) SPIONs coated with oleic acid (SPIONs-1), (2) SPIONs without any surface coating (SPIONs-2), (3) SPIONs coated with cysteamine (SPIONs-3), and (4) SPIONs coated with both of oleic acid and cysteamine (SPIONs-4). The two selected ligands exhibit antioxidative capacity to some level, i.e., by the presence of unsaturation in oleic acid and due to the reducing capacity of the -SH (thiol) group in cysteamine [18, 19] . The SPIONs-induced cardiac damage was assessed by means of cell viability and proliferation, intracellular ROS formation, DNA damage, mitochondrial transmembrane potential (DW m ), and glutathione (GSH) release.
Materials and methods

Chemicals and reagents
Iron (III) acetylacetonate (99.9 %), 1,2 hexadecanediol (90 %), oleic acid (99 %), diphenyl ether (99 %), and cysteamine hydrochloride (98 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were used as received.
Rat 
Synthesis of SPIONs with varying surface ligands
The synthesis method to obtain SPIONs is the decomposition of organometallics at higher temperature conditions in the presence of a suitable reducing agent and surfactant [20] . Briefly, 0.7 g of iron acetylacetonate was mixed with a solution of 20 mL of diphenyl ether and 2 mL of oleic acid under inert atmosphere with vigorous stirring. To this solution, 2.6 g of 1,2-hexadecanediol was added. The reaction mixture was heated to around 210°C with reflux for 2 h, maintaining oxygen-free conditions. The reaction mixture was cooled to room temperature, and then, degassed ethanol was added to precipitate the black-colored product. The precipitate was separated out by centrifugation and washed the product first with hexane and then with ethanol. The product was dispersed in ethanol and separated magnetically and dried to obtain a black-colored powder, named as SPIONs-1. The SPIONs-1 contains the oleic acid groups on their surface as surfactant molecules. Further, the SPIONs-1 was subjected to heat up to a temperature of 400°C for 1 h in vacuum oven to remove the surfactant molecules. Thus the formed product does not contain any oleic acid surface groups, named as SPIONs-2. In the following step, the formed SPIONs-2 was used for conjugation with cysteamine biomolecule to obtain SPIONs-3 [21] . Briefly, 10 mL of toluene was added to 30 mg of SPIONs-2 and shaken thoroughly. In another flask, 30 mg of cysteamine hydrochloride in 10 mL of distilled water was prepared. Both of the solutions were added together and stirred for about 45 min. The SPIONs-3 (cysteamine-bound SPIONs-2) was separated by using a magnet, washed 2-3 times with ethanol, and dried under inert atmosphere. Finally, the SPIONs containing both of oleic acid and cysteamine (SPIONs-4) were obtained by using the same procedure to form SPIONs-3 with a replacement of SPIONs-2 by SPIONs-1.
The high-resolution transmission electron microscopy (HRTEM) studies were carried out on JEOL-2010 HRTEM instrument with a point to point resolution of 1.94 Å , operated at a 200 kV accelerating voltage. The samples for HRTEM studies were prepared by taking a droplet of SPIONs of different type individually in hexane onto a carbon-coated copper grid and evaporating the solvent at room temperature. Fourier transform infrared (FT-IR) spectra were obtained using Nexus 670 FT-IR spectrometer in the transmission mode and the samples were prepared by grinding the material with dry KBr powder and then made into a transparent pellet. X-ray photoelectron spectroscopy (XPS) analyses were done on AXIS 165 high performance multi-technique surface analyzer which is based on a 165 mm mean radius hemispherical analyzer, with an eight channeltron detection system.
Cell culture and maintenance
The H9c2 cardiomyoblast cells were maintained in DMEM containing 10 % (v/v) FBS and 1 % antibiotics (penicillin, 100 units mL -1 ; streptomycin, 100 lg mL -1 ) and incubated at 37°C, 5 % CO 2 , and in 95 % humidity. For the treatment of SPIONs of different type, the H9c2 cells were maintained in the culture medium containing 2 % FBS [20] .
In vitro cell viability and proliferation assay
Approximately 10 4 cells well -1 in 100 lL of culture medium were seeded onto 96-well plates. After 24-36 h of incubation (cells were *80 % confluent), the medium was replaced by 100 lL each of DMEM containing 2 % (v/v) FBS and NPs of SPIONs-1 through SPIONs-4 individually (concentration range: 25-400 lg mL -1 , 24 h). Also, the SPIONs-induced cell proliferation studies were carried out for various time intervals in the range of 0-24 h at a concentration of 200 lg mL -1 (selection of concentration is based on the IC 50 value obtained from the concentrationdependent cell viability studies). The cells after the incubation period, the supernatants were separated out from the wells, cell monolayers were washed with PBS (0.1 M, pH 7.4) and fresh culture medium was added. The metabolic activity of the cells treated with SPIONs of various types was assessed by using the CellTiter-Blue Ò reagent from Promega. The assay involves the reduction of resazurin, a non-fluorescent blue dye, into a pink-colored, red-fluorescent resorufin, that can be quantified at excitation and emission wavelengths of 560 and 590 nm (respectively) using a Spectramax EM Gemini spectrofluorimeter (Molecular Devices, Sunnyvale, CA, USA). Briefly, 25 lL of the CellTiter-Blue Ò reagent added to each well, incubated for an additional 3-4 h and the amount of resorufin produced during this time was quantified. The background fluorescence from wells that contained SPIONs in culture medium but no added cells was subtracted. The percentage cell viability was calculated with respect to the control, untreated cells (set at 100 %). The values shown are mean ± SD (standard deviation) of 3-5 individual experiments [22] .
Intracellular ROS measurements
The SPIONs-induced intracellular ROS measurements were based on the hydrolysis and subsequent oxidation of 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA; Molecular Probes). Briefly, the H9c2 cells grown in 24-well plates were incubated with 10 mM CM-H 2 DCFDA in Krebs-Ringer/HEPES (KRH) buffer (115 mM NaCl, 5 mM KCl, 1 mM KH 2 PO 4 , 1.5 mM CaCl 2 , 1.2 mM MgSO 4 , 5 mM glucose, and 25 mM HEPES, pH 7.4) for 30 min at 37°C. After the incubation, the cells were washed twice with fresh KRH buffer and kept at room temperature for another 30 min. Now the cells were exposed to 200 lg mL -1 concentrations each of SPIONs-1, SPIONs-2, SPIONs-3, and SPIONs-4, and the changes in fluorescence were measured after 16 h of incubation time using Spectramax Gemini EM spectrofluorometer at excitation and emission wave-lengths of 485 and 538 nm, respectively. Further, in order to confirm the formation of ROS, the SPIONs-2 was co-incubated with the known antioxidant Trolox (at 200 and 500 lM concentration). The background fluorescence obtained from the control wells was subtracted at all points. Menadione (100 lM) was used as a positive control and the results of various treatments were expressed as percentage fluorescence relative to the positive control (100 %) [16] .
Intracellular GSH release
The intracellular GSH was measured based on a glutathione-S-transferase (GST)-catalyzed conjugation of GSH to monochlorobimane by using ApoGSH TM glutathione fluorometric assay kit (BioVision). After the designated treatment of each SPIONs type to the H9c2 cells (at 200 lg mL -1 , 16 h), the medium was removed and the cells were lysed, followed by incubation in the presence of 50 lM monochlorobimane and 0.1 unit mL -1 GST for 30 min at 37°C (in accordance with the manufacturer's protocol). The fluorescence was quantified by using Spectramax Gemini EM spectrofluorometer at excitation and emission wavelengths of 380 and 460 nm, respectively. The results are normalized to cell number and expressed as percentage change in GSH concentration relative to the untreated control measurements. The values shown are the mean ± SD of three individual experiments [23] .
DNA fragmentation assay
The H9c2 cells plated in 24-well plates (ca. 5 9 10 4 ) when reaches to confluency, were treated with 200 lg mL concentrations of all four SPIONs for a time period of 16 h. At the end of each incubation period, the cytoplasmic histone-associated DNA fragments were measured using cell death detection ELISA kit from Roche. Briefly, the cells were lysed in 200 lL of lysis buffer provided by the manufacturer, and the lysate (20 lL each) was added to streptavidin-coated 96-well plates, to which a mixture of biotinylated anti-histone and peroxidase-coupled anti-DNA antibody was added. This was incubated for another 2 h at room temperature and then washed. The histone-associated DNA fragments were quantified based on the activity of peroxidase measured at 405 nm using a BioTek ELx800 microplate reader (Winooski, VT, USA). Further, the supplementation of DNA cleavage was tested by co-incubation of SPIONs-2 with Trolox in a concentrationdependent manner. The results expressed as fold-increase relative to the untreated control and the values shown are mean ± SD of three individual experiments [16] .
Measurement of mitochondrial transmembrane potential (DW m )
The mitochondrial transmembrane potential (DW m ) in H9c2 cells following the treatment of SPIONs of different types, were accessed using a MitoCapture kit. The assay is based on the accumulation of a cationic dye, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethyl-benzimidazolyl carbocyanine iodide (JC-1) in mitochondria and other cytoplasmic fractions. The dye remains monomeric when the value of DW m is small and exhibits green fluorescence; however, for a high DW m , a greater accumulation of the dye forming J-aggregates and the fluorescence shifts to red (E max = 590 nm). The cells of either type in 24-well plates (80 % confluent) were treated with 200 lg mL -1 concentrations of all four SPIONs and incubated for a 16-h period. After that, the JC-1 dye was added to the cells and incubated for another 30 min at 37°C as per the manufacturer's instructions. The unbound dye was removed by washing with PBS, fresh medium was added and the fluorescence was quantified at excitation and emission wavelengths of 488 and 590 nm, respectively, using a Spectramax EM Gemini spectrofluorimeter. Rotenone (10 lM) was used as positive control and the results are expressed as percentage decrease in DW m compared to the untreated controls [23] .
Statistical analysis
Data are presented as mean ± SD of 3-5 separate experiments. Statistical analyses were performed using a one-way analysis of variance (ANOVA) and Bonferroni's method for multiple comparisons. Probability of p \ 0.05 was considered as statistically significant and p \ 0.01 as highly statistical significant.
Results
The SPIONs containing oleic acid surface ligands (SPIONs-1) are formed first by the decomposition of iron acetylacetonate in the presence of oleic acid as surfactant and 1,2-hexadecanediol as reducing agent at a temperature of 210°C and inert atmosphere. The formed SPIONs-1 in the following step were heated in the oven up to 400°C to remove the surfactant molecules and the formed SPIONs-2 are free from the oleic acid ligands. Further, SPIONs-2 and SPIONs-1 were reacted with cysteamine hydrochloride at room temperature to form SPIONs-3 and SPIONs-4, respectively. Thus produced SPIONs-1 through SPIONs-4 were characterized by HRTEM analysis, FT-IR spectroscopy, XPS and further tested for cytotoxicity by H9c2 cardiomyoblast cells. Figure 1 shows the HRTEM images (Fig. 1a-d) and the corresponding particle size distributions (Fig. 1e-h ) of SPIONs-1, SPIONs-2, SPIONs-3, and SPIONs-4, respectively. From the observation of HRTEM images, all the SPIONs seem to be spherical, uniform and the size distribution analysis gave the information that the mean sizes of SPIONs-1 through SPIONs-4 are found to be 5.36 ± 0.77, 5.67 ± 0.0.87, 5.75 ± 0.93, and 5.57 ± 0.82 nm, respectively. It can be clearly seen from the mean sizes of all the SPIONs that there were no changes occurred to the particle size of SPIONs on either heating in order to remove surfactant or bonding with cysteamine biomolecule. However, the removal of surfactant molecules from SPIONs-1 to form SPIONs-2, made the particles to be aggregated, i.e., with an exception to other SPIONs, the SPIONs-2 particles are not monodispersed which can be seen clearly in Fig. 1b .
The FT-IR spectrums were recorded in order to confirm the surface functionality in SPIONs-1 through SPIONs-4 and are shown in Figs. 2 and 3 . The comparison of SPIONs-1 having oleic surface ligands (a) with that of pure oleic acid (b) and SPIONs-2 having no surface ligand (c) were shown in Fig. 2 . Briefly, from the mixed spectrums of (a) and (b), the two peaks in the range of 2850-3000 cm -1 are due to the symmetric and asymmetric methylene (CH 2 ) stretching modes of groups present in oleic acid. The peak around 1630 cm -1 in (a) and (b) is due to the m(C=C) stretching mode, the broad peak at 3424 cm -1 in (b) is from the free O-H stretching vibrations present in oleic acid and, however, the missing of that peak can be due to its participation in hydrogen bonding. The sharp peak at 1712 cm -1 in (a) is due to m(C=O) which was observed in (b) at around 1630 cm -1 and the peak at 960 cm -1 in (a) and (b) can be from the =C-H bending vibrations. Similarly, the appearance of peaks in (b) and (c) in the range of 530-570 and 520-540 cm -1 are due to the splitting vibrations of m 1 and m 2 bands, respectively, for the Fe-O of magnetite NPs [24, 25] . Therefore, the matching of peaks between pure oleic acid and SPIONs-1 confirming the presence of oleic acid surface ligands in SPIONs-1 and the absence of those peaks confirming that the SPIONs-2 are free from the surface ligands.
Similarly, the FT-IR spectrums of SPIONs-1 (a), SPIONs-4 (b), and SPIONs-3 (d) were compared with that of pure cysteamine (c) and are shown in Fig. 3 . On comparison of the spectral peaks in (b), (c), and (d), the presence of sharp peak in (c) around 3354 cm -1 due to -NH 2 stretching changing to a broad peak at 3395 cm Determining and understanding the exact oxidation states of Fe and S for all of the SPIONs is very much important in the investigation of toxicity mechanism, as it plays a crucial role in either forming the ROS or neutralizing the formed ROS in SPIONs-treated cells. Figure 4 shows the XPS of Fe 2p spectrum in SPIONs-1 through SPIONs-4 ( Fig. 4a) and S 2p spectrum in SPIONs-3 and SPIONs-4 (Fig. 4b) . From the Fig. 4a , the Fe 2p spectrum for all the SPIONs shows a doublet containing a lower energy band (2p 3/2 ) and a high energy band (2p 1/2 ) at 710.3 and 724.6 eV for SPIONs-1, 710.9 and 723.9 eV for SPIONs-2, 710.5 and 723.4 eV for SPIONs-3, and 709.3 and 724.5 eV for SPIONs-4, respectively. The observed Fe 2p 3/2 and Fe 2p 1/2 binding energy positions for all of the SPIONs are in good agreement with the literature data for Fe, i.e., the peak positions indicating the presence of Fe in the metallic states of Fe (2?) and Fe (3?), which confirm that the iron oxide in SPIONs is magnetite (Fe 3 O 4 ) but not maghemite (c-Fe 2 O 3 ) [27] . Similarly, the S 2p 1/2 spectrum shown in Fig. 4b represents the peak positions at 161.8 eV for SPIONs-3 and 162.0 eV for SPIONs-4, which corresponds that the presence of sulfur to be in either elemental state or monovalent [28] . Figure 5a and b shows the SPIONs-induced cytotoxicity studies of H9c2 cells, the concentration-dependent (Fig. 5a ) and time-dependent (Fig. 5b) . From the concentration-dependent cytotoxicity studies, it was observed that the SPIONs-2 particles exhibited significant reduction (40 %) in the percentage viability of cells at a concentration of 200 lg mL -1 . However, the observation of a nontoxic behavior in SPIONs-1, SPIONs-3, and SPIONs-4 treated cells can be due to the presence of biomolecules of oleic acid and cysteamine surface ligands and the absence of any such biomolecule on SPIONs-2 caused for a significant decrease in cell viability. Also from the timedependent cytotoxicity studies for a 200 lg mL -1 concentration of SPIONs-1 through SPIONs-4, the toxicity concentration for a 16-h exposure period were shown in Fig. 6 . One can see clearly from the figure that when compared with the positive reference (Menadione, 100 lM) and untreated control measurements, the SPIONs-2 treated cells exhibited significant amount of ROS production (76 %). However, no such ROS production was witnessed when the same SPIONs-2 particles were co-incubated with the well-known antioxidant, Trolox (a water soluble analog of a-tocopherol). Also, we see from the figure that a dosedependent reduction in the amount of ROS on co-incubation of SPIONs-2 with Trolox and the reason can be due to the direct scavenging of the formed ROS, thereby making it less available for reaction with the probe CM-H2DCF [23] . Moreover, the other SPIONs such as SPIONs-1, SPIONs-3, and SPIONs-4 did not seem to form much ROS production as compared against untreated control and the reference. The reason can be the fact that the presence of oleic acid or cysteamine biomolecule on the surface of these SPIONs , 16 h) were shown in Fig. 7 . From the figure, it can be observed clearly that the SPIONs-2 treated cells exhibited drastic increase (fivefold) in the amount of DNA cleavage and this fragmentation seems to be reduced on coincubation with Trolox in a concentration-dependent manner. Also, when compared with the untreated control measurements, the SPIONs-1, SPIONs-3, and SPIONs-4 treated cells does not seem to involve in the production of much DNA fragments due to the protective action of oleic acid and cysteamine surface ligands. Within SPIONs-1, SPIONs-3, and SPIONs-4, a very less amount of DNA fragments are observed in SPIONs-4 treated cardiac cells due to the presence of both the groups of oleic acid and cysteamine.
Similarly, the SPIONs-1 through SPIONs-4 treated H9c2 cells and their changes in GSH at 200 lg mL -1 concentration for a 16-h exposure period are shown in Fig. 8 . From the analysis of results, it was observed that the SPIONs-2 treated cells exhibited significant reduction (42 %) in the total GSH (%) release when compared against the untreated control measurements. Also, the effect seems to be restored on supplementation of the SPIONs-2 with the antioxidant Trolox (500 lM) and, however, the other SPIONs do not seem to involve in the loss of total GSH release as compared to the controls. Figure 9 shows the comparison of % change in the mitochondrial transmembrane potential of H9c2 cells followed by the treatment of SPIONs-1 through SPIONs-4 at 200 lg mL -1 concentration for a 16-h exposure period. From the figure, it is clearly evident that as similar to ROS production and DNA cleavage, a much change (63 %) in the membrane potential of cardiac cells treated with SPIONs-2 are observed when compared against the untreated controls. The decreased transmembrane potential due to lower dye accumulation in the mitochondria confirms to an apoptotic pathway of cell death in SPIONs-2 treated cells. It can also be observed from the figure that the supplementation of SPIONs-2 with Trolox (500 lM) does not allow the cardiac cells to undergo loss of membrane potential due to the scavenging of ROS by Trolox. However, the other cell treatments of SPIONs-1, SPIONs-3, and SPIONs-4 does not seem to involve any changes to the membrane potential as compared against the SPIONs-untreated controls.
Discussion
The physical characterization of SPIONs-1 through SPIONs-4 provided the information that all the particles are in spherical shape, nanosize with a size distribution of around 5 nm (Fig. 1) , the presence of surface functionality (Figs. 2, 3) , and the corresponding Fe, S oxidation states (Fig. 4) . The understanding of Fe oxidation states in all of the SPIONs is extremely important as it helps to correlate the toxicity effects and other intracellular responses induced by Fe. Since, among different forms of iron oxide, some forms in particular are established to be more toxic to the cells due to the deficiency of electrons, while others are comparatively stable as they do not allow toxic mediated responses. For example, iron oxide, two of its forms (among five), the hematite (a-Fe 2 O 3 ), and maghemite (c-Fe 2 O 3 ) are found to be toxic relative to the magnetite form (Fe 3 O 4 ) due to the presence of Fe in 2?, 3? oxidation states. However, the presence of iron in 3? oxidation state in hematite and maghemite, which is a more electron deficient state compared to Fe 2? and hence it tries to absorb electrons from the electron-rich intracellular components, thereby initiating the free radical species formation [6, 11, 12, 20] . Thus formed free radicals if not neutralized, can result in ROS-induced oxidative stress responses such as the DNA strand cleavage and its fragmentation, affecting the mitochondrial function by red-ox cycling mediated oxidation, etc. The other means of protecting the iron surface from involving cytotoxic responses is by either forming a biocompatible metallic shell (Au, Ag, or Si) or conjugation/encapsulation into biomolecules/ polymers having antioxidative property [20] . In our case, it was confirmed from the XPS studies (Fig. 4) that the formed iron oxide in all of the four SPIONs is magnetite and the existence of Fe in both of its Fe 2? and Fe 3? oxidation states. Also, when compared to hematite and maghemite, the amount of Fe 3? form (a more electron deficient) is less in the magnetite form and therefore, primarily we can say that our SPIONs are stable.
On testing of SPIONs-1 through SPIONs-4 with H9c2 cardiac cells in our case, all the three SPIONs (SPIONs-1, SPIONs-3, and SPIONs-4) did not showed much changes in the percentage viability of cells up to 500 lg mL -1 concentration, while the SPIONs-2 only exhibited significant fall in the viability at 200 lg mL -1 after 16 h (Fig. 5) . Since from the literature data, it was established that the observation of iron toxicity in one way is due to the generation of cellular oxidative stress and therefore, we directly proceeded to test the influence of ROS on exposure of SPIONs-1 to SPIONs-4 (200 lg mL -1 , 16 h) [11, 12] . When tested, the SPIONs-2 exposure to H9c2 cells only resulted in a drastic increase in the amount of ROS production as compared to the untreated controls, while other three SPIONs did not seem to undergo any ROS formation. In addition, the observation of dose-dependent fall in the production of ROS on co-incubation of SPIONs-2 with Trolox, confirming the free radical-induced pathway of cell death in SPIONs-2 treated cardiac cells (Fig. 6) . Further observation of toxic responses by means of DNA fragmentation (Fig. 7) , amount of GSH release (Fig. 8) , and mitochondrial membrane potential changes (Fig. 9) for only SPIONs-2 treated cells and the simultaneous diminishing effect with Trolox ratifying the apoptotic pathway of cell death mediated by ROS. Because of not having any protecting ligand in SPIONs-2 while the presence of ligands in other three SPIONs protected the cells from undergoing apoptosis. In general, for the cells undergoing apoptosis, the glutathione synthesis is blocked at a certain point of time and the observation of a slight higher level of glutathione in SPIONs-4 treated cells (compared with the controls), however, might be due to the sparing effect from the two coated ligands on the newly synthesized GSH by the cardiac cells (Fig. 8) . The two coated ligands with an unsaturated double bond and thiol functionality might have contributed for an enhanced production of GSH by diminishing the free radical effects and thereby facilitated for an environment that is supporting for the healthy growth of cardiac cells. Similarly, the observation of DNA fragments (Fig. 7) and the physical damage of mitochondrial membrane (Fig. 9) are due to the localization of SPIONs-2 into the mitochondria and the corresponding oxidative damage of organelle, disrupting its function and causing the cells to death. Since the organelle is more susceptible to ROS-induced oxidative stress as its inner membrane is composed of unsaturated fatty acids, densely packed proteins, and DNA molecules that are essential for mitochondrial function [29] .
In the current study, the observed toxicity differences between SPIONs-2 treated cells with that of other SPIONs are attributed to the protective action against ROS provided by the oleic acid and cysteamine ligands. For those two, the antioxidant capacity supplied by the unsaturation (C=C bond) in oleic acid and the -SH group in cysteamine, i.e., the p electrons in C=C or the two lone pairs in S of thiol group reduces the Fe 3? in iron oxide by itself getting the ligand groups oxidized. This was supported by a similar study that the persistence of antioxidative nature of glutathione is contributed by its -SH moiety, as it can be oxidized or reduced reversibly at a high rate [30] . In general, the Fe present in iron oxide possesses some pro-oxidant properties due to the electron deficient form gets in contact with the electron-rich cell surfaces, they readily absorb electrons and responsible for the generation of ROS. The formed ROS if not controlled, can finally lead to cell death, however in our case, the loss of cardiac function is observed by the formed ROS. The presence of a suitable ligand on the surface of iron oxide protects the intracellular components from undergoing oxidation and furthers the ROS formation. For example, the synthetic polymeric coatings of poly(ethylene-co-vinyl acetate), poly(vinylpyrrolidone), poly(lactic-co-glycolic acid), poly(ethyleneglycol), poly(vinyl alcohol), etc. or the natural polymers of gelatin, dextran, chitosan, pullulan, etc. or the surfactants like sodium oleate, dodecylamine, sodium carboxymethylcellulose are proved to enhance the biocompatibility of iron oxide NPs [2] . The properly sequestered iron-based complexes can also be used at the same time for destroying the free radicals produced by means of other chemotherapeutic agents. For example, in some studies, the ability of Fe to catalyze red-ox reactions was used for scavenging the ROS generated in the cardiac cells by the anthracycline antibiotics during cancer treatment [20] . Also, for most of the biomedical applications, the iron oxide NPs should possess sufficient hydrophilicity; however in our case, the SPIONs-1 are not hydrophilic due to the lipophilic oleic acid groups and the SPIONs-4 are more suitable due to the existence of both groups of oleic acid and cysteamine and are very well dispersed in water, in addition to enhanced antioxidant properties.
In summary, the iron oxide-induced intracellular oxidative stress associated with depletion of GSH and mitochondrial function in H9c2 cardiomyocytes were demonstrated for the first time. The interfacial and surface properties of iron oxide are thought to play a major role in the interaction of naked SPIONs (SPIONs-2) with the biological systems. It is likely in our case that the increased amounts of intracellular ROS formation by the naked SPIONs led to further oxidation of critical targets in cells, which finally leading to the loss of cardiac function. We believe that these studies may have relevance in the context of cardiac diseases in general and atherosclerosis in particular, as ROS-induced oxidative stress also a major contributor for the initiation and progression of such diseases. In depth understanding of the mechanism of iron oxide-induced oxidative stress and the pathways involved in cardiomyocytes are expected to facilitate better understanding of these disease processes.
Conclusion
In conclusion, we report the necessity of employing iron oxide NPs coated with free radical-scavenging ligands in order to avoid the unwanted toxicity especially in cardiac cells. In this report, we assessed and compared the dosedependent cytotoxicity of ''naked'' SPIONs with that of other SPIONs containing ligands of unsaturation and/or thiol groups, their oxidative stress and the possible toxic mechanism in cardiomyocytes were discussed. The observed cell death retained the key features of apoptosis mechanisms such as the decreased GSH release, DNA fragmentation, and mitochondrial depletion by the increased levels of ROS. The presence of oleic acid/cysteamine ligands or the supplementation of cardiomyocytes with Trolox offered significant, protection against the Fe 3? induced cytotoxicity, presumably due to scavenging of ROS in situ. The results of the study provide experimental evidence for the importance of having both of unsaturation and thiol group as protective ligand for reducing the oxidative behavior and increasing the biocompatibility of SPIONs toward cardiac cells.
